The fouetté turn in classical ballet dancing is a continuous turn with the whipping of the gesture leg and the arms and the bending and stretching of the supporting leg. The knowledge of the movement intensities of both legs for the turn would be favorable for the conditioning of the dancer's body. The purpose of this study was to estimate the intensities. The hypothesis of this study was that the intensities were higher in the supporting leg than in the gesture leg. The joint torques of both legs were determined in the turns performed by seven experienced female classical ballet dancers with inverse dynamics using three high-speed cine cameras and a force platform. The hip abductor torque, knee extensor and plantar flexor torques of the supporting leg were estimated to be exerted up to their maximum levels and the peaks of the torques were larger than the peaks of their matching torques of the gesture leg. Thus, the hypothesis was partly supported. Training of the supporting leg rather than the gesture leg would help ballet dancers perform many revolutions of the fouetté turn continuously.
Expert ballet dancers can continuously perform over 30 revolutions of the fouetté turn used in classical ballet dancing, whipping the gesture leg and the arms and bending and stretching the supporting leg (Figure 1 A to J). The arm ipsilateral to the gesture leg follows the motion of the leg (Laws, 1984) . The other arm is kept at the side of the dancer after the leg is extended in front of the dancer until the leg moves to the side (Figure 1 C to G) (Warren, 1990) . During these limb movements, the sole of the supporting foot is in contact with the floor (Laws, 1984) . Both arms are kept in front of the chest during turning on tiptoe (Figure 1 J to A) (Warren, 1990) . In the clockwise fouetté turn, the right leg is swung as the gesture leg and the left leg is the supporting leg.
The whipping of the gesture leg and ipsilateral arm to the leg is important for the continuous turns. A frictional torque from the floor generated by the whipping supplies the angular momentum for the next revolution (Laws, 1984; Imura et al., 2008) . The hip abductors and adductors of the leg are assumed to be activated for the whipping and stop of the leg, respectively (Laws, 1998) . In addition, bending and stretching of the supporting leg is used during the turn to supply the frictional torque for the turn and lessen it against the turn (Imura et al., 2008) .
Classical ballet dancers exert a larger hip abductor torque in the supporting leg than in the rotating gesture leg in grand rond de jambe en l'air in ballet (GRJL; the straightened gesture leg rotates horizontally around the supporting leg without the bending and stretching of the latter leg; in their Figure 1 of Kwon et al., 2007) . The peak of the hip abduction torque of the supporting leg is estimated to be about 50% of the maximum isokinetic hip abductor torque measured at 60 deg·s -1 for female ballet dancers by Hamilton et al. (1992) . A lateral translation 
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of the pelvis for the maintenance of body balance against the gesture leg swing caused such a magnitude of torque (Kwon et al., 2007) . The peak hip abductor torque of the supporting leg would be larger in the fouetté turn than in GRJL from the following reasons: The pelvis would also be translated laterally for the maintenance in the turn, and the ground reaction force (GRF) acting on the supporting foot would be larger in the turn than in GRJL because of an upward acceleration of the whole body due to the leg bending and stretching in the turn (Imura et al., 2008; Wilson et al., 2004) . The knee and ankle joints as well as the hip joint of the supporting leg would be required not only to bear body weight from gravity force but also to accelerate the whole body upward though the hip, knee and ankle joints of the gesture leg would be required to accelerate the leg segments distal to their joints. Thus, it seems that the joint torques of the supporting leg are larger than their matching joint torques of the gesture leg during the swing phase of the turn.
The scientific analyses of ballet techniques would increase dancers' and instructors' understanding of stresses placed on the dancer's body. This would be useful for designing a training program, enhancing stage performances and preventing the incidence of injuries against growing physical demands placed on today's dancers (Koutedakis, 2005a) . The motion analyses of ballet techniques themselves as well as the measurements of cardiorespiratory fitness, body flexibility and body composition (Koutedakis, 2005b) would contribute to the understanding. The movement intensities of both legs in the fouetté turn have not been investigated though the vertical components of joint torques at the hip joint of the gesture leg and both shoulder joints have been reported in the turn (Imura et al., 2008) . The purposes of this study were to investigate the joint kinetics of the limbs during the fouetté turn and to estimate their movement intensities for the understanding. The hypothesis of this study was that the intensity of the movement would be higher in the supporting leg than in the gesture leg during the swing phase of the turn (Figure 1 C to G).
Methods
Participants
Seven healthy female ballet dancers (age 27.7 ± 1.7 years; height 1.58 ± 0.06 m; body mass 47.8 ± 3.0 kg) who had performed classical ballet for 20.6 ± 3.2 years participated in this study. All the dancers preferred the fouetté turn in the clockwise direction with the left leg being the supporting leg, which this study used. The experimental procedure was approved by the ethics committee of the University of Tokyo and written informed consent of each subject was obtained before data collection.
Experimental Procedure
Spherical markers and adhesive tape were used on the lower limbs of the dancer to make a model of three rigid segments for each limb after Ae et al. (1992) . The tape was wound around both knee and ankle joints and metatarsophalangeal articulations. The markers were attached to the skin or the clothing on the relevant anatomical landmarks; both anterior superior iliac spines, the middle of both posterior superior iliac spines, skin on the tibia in both lower legs, calcaneal process and the center of both lateral and medial malleoli. Half casts, which were molded from fiberglass casting tape with more than three markers were applied to the surfaces of the thighs and lower legs for the determination of the segment coordinates and angular velocities (Figure 2) .
After proper warming up, the dancer performed more than five continuous fouetté turns to a same music (third act, coda, in Don Quixote Grand Pas de deux) on a force platform (type 9281B, Kistler) several times wearing soft ballet shoes: The dancer turned not on tiptoe but on the ball of the supporting foot owing to the shoes. The turns were filmed using three 16 mm cine cameras (1PL and 1P, Photo-Sonics, Inc.) at nominal film speeds of 150 fps, 150 fps and 100 fps, respectively. The actual film speeds were determined using time markers of 100 Hz from a pulse generator recorded at the side of the films. The average speeds were 152.5 fps, 150.7 fps and 99.4 fps, respectively. The GRF acting on the supporting foot was measured at a sampling rate of 1000 Hz using the force platform synchronized electronically with the three cine cameras: The synchronization was done with the generator.
To determine the positions of the hip joint centers by a functional method (Gamage & Lasenby, 2002) , the motions of the lower limbs of the dancer were captured with two video cameras (DXC-200A, SONY) at 60 Hz. The motions were flexion and extension, and then abduction and adduction with about 90° range of motion. The positions of the markers in the videotaped images were digitized using a motion analysis system (Frame-DIAS II, DKH). Three-dimensional (3D) coordinates of the markers were reconstructed using similar procedures to those for the cine camera data. The functional method by Gamage & Lasenby (2002) assumes that there is no error in the digitization of the markers and that the joint is a true spherical joint. The bias caused by the assumptions was corrected using the algorithms presented by Halvorsen (2003) .
Data Analysis
We analyzed one revolution from each dancer's best trial judged by herself. The positions of the markers and the joint centers in the film were manually digitized with a film motion analyzer (NAC Image Technology, Inc.). Three-dimensional coordinates of the digitized points were reconstructed using a direct linear transformation (DLT) method (Adbel-Aziz & Karara, 1971) . Thirty markers placed in a 1.9 m × 1.6 m × 1.8 m space were used to determine DLT coefficients for each camera. The root mean square (RMS) errors in the reconstructed 3D coordinates of the markers were less than 3.3 mm. The films from the three cameras were synchronized using the algorithms of Pourcelot et al. (2000) after the correction of the film speeds by the time markers of 100 Hz. This synchronization method is based on that the two-dimensional (2D) coordinate of a marker calculated from the reconstructed 3D coordinates of the marker using the DLT coefficients becomes the same with the original 2D coordinate for the reconstruction of the 3D coordinate if the original 2D coordinates of the marker from the different cameras are synchronized well. The 3D coordinates were filtered with a fourth order, zerophase lag, Butterworth digital low pass filter with a cut off frequency of 10 Hz.
GRF data were also filtered with a fourth order, zero-phase lag, Butterworth digital low pass filter with a cut off frequency of 10 Hz. This avoids a large distortion of the joint torques determined with inverse dynamics at impact phases (Bisseling & Hof, 2006) : The underestimation of segmental accelerations caused by the calculation using low-pass filtered positional data and the use of raw GRF data may overestimate joint torques at the phases. The center of pressure (COP) was determined from the filtered GRF and corrected after Sommer et al. (Sommer et al., 1997) to eliminate systematical errors, probably due to minute inclinations of the sensors of the force platform (Bobbert & Schamhardt, 1990) . COP was used to determine the external moment of the GRF and the free moment: The latter moment is a force couple about a vertical axis resulting from frictional forces between the foot and the force platform (Holden & Cavanagh, 1991) . The position of the COP is inaccurate when the vertical component of GRF is small (Bobbert & Schamhardt, 1990) and so both moments were assumed to be zero when the component was less than 10 N.
The torques exerted at the hip, knee and ankle joints were determined using the following equation described by Hof (1992) :
In this equation, m i is the mass of segment i, I i is the inertia tensor of segment i, r k is the position vector of the proximal joint center of segment k, r i is the position vector of the center of mass of segment i, r e is the position vector of the COP,  i is the angular velocity of segment i, a i is the acceleration of the center of mass of segment i, g is the acceleration due to gravity, M k is the external moment acting at the proximal joint of segment k or joint torque, M e is the external moment, F e is the external force and t is the time. F e and M e were both zero for the arms and gesture leg and were equal to GRF and the moment due to GRF plus the free moment acting on the foot for the supporting leg, respectively. The joint reaction force acting from the thigh to the pelvis at the hip joint of the gesture leg was determined from the acceleration of the center of mass of the leg and its mass. The inertial properties of the limbs were estimated using the coefficients reported by Ae et al. (1992) . The setup and global coordinate system of the experimental site were the same as those of the previous study (Imura et al., 2008) . All the coordinate systems were right handed orthogonal systems. Each joint coordinate system of a dancer was defined using two vectors from two adjacent body segments and their cross product when she was standing with the limbs flexed: Each vector joined the joint centers at both ends of the segment (Table 1 ). The hip, knee and ankle joint centers were used to define the systems. The orientation of the local coordinate system of a segment was the same as that of the joint coordinate system at the proximal joint of the segment. The coordinates of the three markers attached on a segment during the fouetté turn were used to determine the local coordinate system of the segment during the motion with the help of the rotational matrix relating the orientation of the three markers to the local coordinate system during the standing posture with the limbs flexed. The sets of three markers of the casts on the thighs and the lower legs, the makers on the calcaneal process and both lateral and medial malleoli and the center of the ankle joint were used to define the rotation matrices for the lower limb segments.
The hip joint angles were determined using Euler angles by the rotation of the local coordinate system of the thigh against the system of the pelvis with the following sequences: Mediolateral-anteroposterior-longitudinal (Table 1 ) (Yeadon, 1990) . The angles of the knee and ankle joints were described by the flexion-extension motion using the angular differences of the longitudinal axes of the proximal and distal segments. The angular velocities of the limb segments were determined using Poisson's equation (Wittenburg, 1977) after the determination of the rotation matrices from three markers on the segments using Veldpaus's algorithm (Veldpaus et al., 1988) . The joint angular velocities of the limbs were determined through subtraction of the angular velocity of a proximal segment from that of the adjacent distal segment.
Normalization of the Kinetic Variables and Estimation of the Relative Magnitudes of Joint Torques
The joint torque of each dancer was normalized using the product of the whole body weight and the height of the dancer. The joint angular velocities and the normalized torques were projected onto the axes of relevant joint coordinate systems. Duration of the turn was divided by the time taken for one revolution and was shown in percent. The 0% ( Figure 1C ) was the time when the heel of the supporting foot touched the force platform from a standing on the ball of the foot: The time was judged from a spike of GRF. The range of the time when the averages of all the dancers could be determined was from -20 to 40% of time for one revolution (0.85 ± 0.04 s). This time duration was narrower than the range of time when the digitization of the markers for each dancer was possible because the relative orientations of the dancers to the cameras at 0% of time were not the same.
The relative magnitudes of the peak joint torques of the limbs except the peak hip internal and external rotator torques in the turn were estimated using the maximum isokinetic torques at 60 deg·s -1 by ballet dancers (Hamilton et al., 1992) or the maximum isometric torques by sedentary females (Dean et al., 2004) . The relative magnitude of the internal rotator torque was estimated from the relationship between maximum isokinetic torque at 30 deg·s -1 by dancers and the joint angle (Gupta et al., 2004) : The maximum isokinetic torque at the joint angle where the peak torque appeared in the turn was determined through the linear interpolation of the torques measured at 9 and 23 degrees of internal rotation. The relative magnitude of the external rotator torque was estimated from the relationship between the maximum isokinetic torque by sedentary females and joint angular velocity (Cahalan et al., 1989) : The maximum isokinetic torque at the joint angular velocity where the peak torque appeared in the turn was determined through the linear interpolation of the torques measured at 86 and 111 deg·s -1 of external rotation.
Statistics
The differences in mean peak joint torques between both hip, knee and ankle joints were tested using two-tailed paired t tests. The significance level was set as p < .05, considering the multipleness of the tests (Holm, 1979) . The tests were done 10 times.
Results
Movement Intensities of Both Legs
The peaks of the hip abductor, knee extensor and plantar flexor torques of the supporting leg were higher than those of their matching torques of the gesture leg (p < .05, Table  2 ). The peak of the hip extensor torque of the supporting leg tended to be higher than the peak of the gesture leg (p = .024 without taking account of multiple tests, Table  2 ). The peak hip internal rotator torque of the gesture leg tended to be higher than that of the supporting leg (p = .0085 without taking account of multiple tests, Table 2 ).
The hip abductor, hip extensor, knee extensor and plantar flexor torques of the supporting leg tended to be larger than their matching torques of the gesture leg during the swing phase (Figure 3) . 
Hip Joint Kinematics and Kinetics of Both Legs
The hip joint of the gesture leg began to abduct with its flexed position of about 1 radian as the knee joint of the leg extended ( Figure 5.1 a) , the abductor torque of the joint was greater than the extensor torque at the joint for not a short period around the heel contact ( Figure 5 .1 c, from -14.5 to 19% of time).
Knee Joint Kinematics and Kinetics of Both Legs
The knee joint of the gesture leg extended until 6% of time and then flexed ( Figure 4.2 a, b) . The knee flexor torque was exerted almost throughout the entire time analyzed (Figure 4.2 c) . The knee joint of the supporting leg flexed and then extended, exerting a large extension torque ( Figure 5 .2 a, b and c, at 6% of time).
Ankle Joint Kinematics and Kinetics of Both Legs
The ankle joint of the gesture leg scarcely changed all through the time analyzed (Figure 4.3 a) . The ankle joint of the supporting leg dorsiflexed and then plantar flexed, exerting a large plantar flexor torque except around the beginning of dorsiflexion and the end of plantar flexion. (Figure 5 .3 c, around -15% and 32% of time).
Discussion
The hypothesis of this study was that the intensity of the movement would be higher in the supporting leg than in the gesture leg during the swing phase of the fouetté turn (Figure 1 C to G) . As for only relatively high intensity joint torques, the peaks of the hip abductor, knee extensor and plantar flexor torques of the supporting leg were Note. Each torque value was divided by the product of the whole body mass and the height for each dancer. The value after the plus/minus sign is 1 standard deviation (SD). Ratios of the peak torques to their maxima were estimated using maximum torque values of the previous studies as follows: a, Hamilton et al., 1992; b, Dean et al., 2004; c, Gupta et al., 2004; d, Cahalan et al., 1989 . The p value is not taken account of multiple tests. *Indicates that the peak torque of the supporting leg is statistically different from that of the gesture leg (p < 0.05). about 2.8, 5.4 and 40 times, respectively, higher than the peaks of their matching torques of the gesture leg ( Table  2 ). The peak hip extensor torque of the supporting leg tended to be higher than that of the gesture leg. However, the peak hip internal rotator torque of the gesture leg tended to be higher than that of the supporting leg. Thus, the hypothesis was partly supported in terms of the peak joint torques. The magnitudes of torque exertion of the hip abductor, hip extensor, knee extensor and plantar flexor torques of the supporting leg were generally larger than those of their matching torques of the gesture leg during the phase (Figure 3 ). This also supports the hypothesis. Large joint torques were required for the supporting leg in the fouetté turn (Figures 5.1 c, 5.2 c and 5.3 c) . The large abduction torque would be required owing to the lateral translation of the pelvis (Kwon et al., 2007) and a large GRF due to the upward acceleration of the whole body. The normalized peak hip abductor torque of the turn was about 1.9 times higher than that in GRJL (Kwon et al., 2007) though the vertical component of the peak GRF was about 2.6 times of the body weight in the turn. The peak of the torque appeared at the time when the peak GRF appeared in the turn (Figure 6 ). The GRF in GRJL is presumably almost equal to the dancer's body weight because the gesture leg moves in the horizontal plane and the remainder of the body is stationary (Kwon et al., 2007) . Hence, the normalized lever length i.e., the length/ height of hip adduction for the GRF would be shorter in the turn than in GRJL. The reason for the difference is unclear. The large valgus torque at the knee joint of the leg ( Figure 5 .2 c) would be explained from a similar reason to that for the abductor torque at the hip joint. The large knee extensor and plantar flexor torques would be brought about for the upward acceleration of the whole body with a relatively deep leg bending around the heel contact ( Figures 5.2 a, 5.3 a) .
From the estimation of the required joint torque intensities for the fouetté turn (Table 2) , it is suggested that strength training of the supporting leg improves the performance of the turn. Training of the hip abductors can be especially beneficial because ballet bar work being a typical training method in classical ballet would result in providing many bending and stretching movements for the knee and ankle joints and few training opportunities for the hip abductors if the dancer is not conscious with the muscles. We estimated the relative magnitudes of some peak joint torques exerted by the dancers in the fouetté turn using the values reported in the previous studies (Table 2) . However, the conditions for the measurements of the torques in the fouetté turn were not necessarily the same as those of the reports about joint angles and joint angular velocities. Though the torques measured at 60 deg·s -1 are comparable with those measured in maximum isometric contraction (Wickiewicz et al., 1984) , or about 70-95% of maximum isometric torques (Horstmann et al., 1999) , some errors may be included in our estimation because of the possible differences in muscle length, muscle shortening velocity and co-contraction of muscles between the measurements. Further studies would be necessary for more accurate estimation of the relative magnitudes of torque exertion.
The dancers turned the fouetté on the force plate with soft ballet shoes. The joint torque components vertical to the floor would have changed if they had turned the fouetté wearing shoes which had a different frictional coefficient against the floor.
In summary, female ballet dancers exerted the hip abductor torque of the gesture leg for the leg whipping and stopped it with the hip adductor and flexor torques of the leg in the fouetté turn. The turn required the larger hip abductor, knee extensor and plantar flexor torques of the supporting leg. Strength training for the hip abductors, knee extensors and plantar flexors of the supporting leg would help ballet dancers perform many revolutions of the fouetté turn continuously.
